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_ ABRSTRACT _

Although the two-strecam instability theory [Farley, 1963a,b] has been
quite successful in accounting for many observed features of the plasma-
wave irresularities produced in the equatorial electrojet, increased
equipmertal sensitivity and improved experimental techniques of observing
the vower spectrum of radio echoes from the electrojet have resulted in
the resolution of weaker irregularities not predicted by that theory. In
particular, such irregularities are observed both when a VHF radar located
near the magnetic equator is directed vertically, and when the radar is
directed obliquely in the equatorial plane. TIn the latter case, the
irrecgularities have lower Doppler shifts than are suggested by the theory.
Experimental spectra are presented that demonstrate features consistent
with the first-order two-stream theory for observations of a well-developed
electrojet at oblique angiés of incidence. However, the relative contri-
bution of the weaker irregularities can be resolved in spectra for inci-
dence angles approaching the zenith or, when the electrojet is comparatively
4=z, 2% most angles. The spectral width obtained at vertical incidence
is shown to be narrow for a weak electrojet, and to be broadened as the
glectrojet becomes stronger. The weaker irregularities probably result
from the non-linear interaction among the stronger irregularities, as is

demenstrated by Dougherty and Farley [1966] in a companion paper. Experi-
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2sults are presented that indicate and asymmetry not predicted by
2itler theory; 1.»., the upgoing irregularities (observed at angles of
ircidencs west of the zenith) are stronger than thke downgoing irregular-

ities (chser
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angles of incidence east of the zenith). This
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oroperi“ieé of the region of instability.:

Trregularities

Bauatorial electrojet
Plasma instability
Two-stream instability
Plasma waves

Ton-acoustic waves
Non-linear coupling
Tonosphere

Tonospheric irregularities
Equatorial ionosphere

Equatorial E region
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may be accounted for by the variation with height of the physical
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Secendary Irregularities in the Eouatorlal Electrojet

Short titvle: (Secondary equatorial-electrojet irregularities)

Robert Cohen and Kenneth I.. Bowles¥
Institute for Telecommunication Sciences and Aeronomy¥*¥%

Environmental Science Services Administration, Boulder, Colorado

1. Introduction
The characteristics of electron density irregularities in the equa-
torial electrojel have been studied experimentally by means of trans-
equatorial VHF forward scattering [Bowles and Cohen, 1962; Cohen and
Bowles, 1063z,b], standard ionograms [Cohen et al., 1962], znd VH¥ radar
Rowles et al., 1960, 1963; Balsley, 1965]. A theoretical explanation of

foma

the origin of such irregularities has been presented by Farley [1963a,b],
who attributed electron-density fluctuations to ion-acoustic waves asso-
ciated with the two-stream plaéma instability. The principal features
of the experimental cbservations were accounted for by that theory, but
certain questions regarding =dditional features have remained to be answered.
One such gquestion concerned the mechanism for the production of
irregularities with horizontal wave fronts. These irregularities are
clearly associated with the equatorial electrojet [ Cchen and Bowles, 1963a],
but are not predicted by Farley's theory. They are responsible for the
daytime equatorial VHF forward scatter and for radar echoes obtained from
the electrojet at vertical incidence.
Another question was raised by the unexplained observation of certain

1

elecirojet irregularities moving at speeds slower than the acoustic vel-
ocities predicted by the theory. Such motions were noted [Bowles et al.,
19637 on spectra of VHF radar echoes from the electrojet.

These difficulties of the first-order theory were recognized [Bowles

et 21., 1963; Cohen and Bowles, 1963a; Farley, 1963b], and Farley [1963b)

Yrothesived that the probable explanation was non-linear coupling among
the flrat-ovder plusma waves.  In a companion paper, Dougherty and Farley

Do ! precent o detniled treatment of how this non-lincar coupling gives
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rise to secondary irregularities and to the obscrved spectra.

Although previously published experimental spectra have provided
some evidence aboul the characteristics of the secondary electrojet irre-
gularities, improved instrumentation has meanwhile enabled the acquisi-
tion of high-resolution spectra, which aid considerably in elucidating
the phenomena under discussion. The present paper reviews the latest ex-
perimental knowledge on this subject and defines areas of agreemcnt and

residual points of disagreement between available theory and experiment.

2. Technique

Considerable improvement in inslrumentation has been effected since
the previous publication [Bowles and Cohen, 1962; Bowles et al., 1963a]
of spectra of VHF echoes fram electrojet irrcgularities, DBecides the
greater sensitivity availlable at the Jicamarca Radar ObServatory*(ll.9SOS,
76.87%W; dip: 2°N), associated with the availability of high-power trans-
mitters and rotatable mattress-antennas capable of handling such power,
there has also been a fundamental improvement resulting from employing an
auntocorrelation analysis of the received signal instead of a vanoramic
spectrum analysis. This procedure is preferable from an information-
theory standpoint.

The aubocorrelation functions obtained in the recent measurements are
Fourier-transformed to the associated spectra by use of a computer pro-
gram, The autocorrelaticn function is obtained in the following manner:
A series of transmitted pulses is emitted, each pulse having an amplitude
proportional to Re{_exp(iwotﬁ', where w 1is the angular frequency of the
transmitter., The signal entering the receiving antenna is proportional
to Re {?(t)exp'i[u%t - q(t)])}u A synchronous demodulator is used to mix
the received signals to baseband at the receilver output, and has the ef-

fect of implementing the following equations:

A(R) = Q&é\({)cxp il t = o(t)] exp(=iw 5) - = a(t) coslu(t)]
S P
B(t) = qo'alt)exy i[mot - o(t)] exp[—i(mot - ﬁ/z)]i = 2(1) sinfleo(s)]
~ B
ALY and B(2) are soparately availeble at the cutput terminals of the syn-
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chrorous demoduiabor. These guadrature outputs are digitized for selected
times corresponding to deslred radar ranges (the outouts are said to be
"range-gated"). Signal levels for one of the channels, A(t), are suc-
cessively stored in a 6lh-location memory at intervals of one pulse-
repetition period. Appropriate product functions can then be formed in
& digital multiplier for obtaining the complex autocorrelation function
of the recelved signal. For each instantancous pair of samples, A(t)
and B(t), product functions are formed as follows: A(t)A(t - 1) and
B(t)A(t - 7) for each time-delay, 7, where T varies from O to 63 times
the pulse-repetition period, T. The newest sample of A(t) then replaces
the oldest sampie of A(t) in the memory, and the cycle continues.

The normalized autocorrelation function, P(7), is defined as follows:
>

J(ms*(t) S(t + T)dt
p(T) =2 Py . p)
j Is(t)] at

where in this case S(t) is the complex, range-gated digitized output of
the synchronous democdulator, given by S(t) = A(t) + 1 B(%).
Upon replacing S(t) in the expression for P(7) by this equivalent,

we obtaln on expanding,

ij(t)A(t + 7)dt +>;mB(t)B(t + T)dt + i JQB(t + T)A(t) - i JQB(t)A(t + 1)¢
p(T) . -0 -0 — — -0 -0
j R(t)at + j B2 (t)dt

If channels A and B of the synchronous demodulator are precisely

matched in gain, it follows that

(o

A

O
| A%(t)at = | B®(t)dt.
Yoo Yo

In practice, symmetrization of the channels is achieved on an average

basis by interchanging their r8les each time the transmitter is pulsed.
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This is aceomplished by introducing a GC~ phase shift into the inputbt of

lternate pulse cycles,

a
) and B(t) are stationary random varisbli-
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teying the same Maixwellian statistics,

' A(t) A(t + T)dt = j B(t) B(t + T)dt, and
: B(t + 7) A(t)dt = -j B(t) A(t + T)dt.

hecordingly, the expression for p(7) simplifi

es to
o ,,CD
] A(t)A(t + T)dt - i ; B(t)A(t + T)dt
) -0 .
p(7) =
f'w
| A2(t)dt
=)
Sirce the autocorrelation is a Hermitian function, p(7) = p*(—T), SO
e ‘,oo
DA(t) Al - T)dt + 1 B(t) A(t - T)dt
..J..cn 'Z’.c:)
o) = ~
@
. A2(t)dt
)

The prcoduct-function terms appearing in this integral are those

crevicusly referred to as having been formed in a digital multiplier.

Assuming that during periods of a few minutes the observed time serles
is sbtationary, the infinite integrations are replaced by finite sums over
some 10,000 samples of S(t), and the product-terms for each of &4 7's are

integrated in a core memory. This procedurs yields 64 pairs of real and

imaginar valucs of the complex autocorrelaticn Tunction cach pair cor-
O b bl b
|

responding Lo an evaluation of P(T) for a 7 in the inkerval O < 7 < 63T,

where T is the pulse-rvepetition period.
The Wiener-Khintchine Theoren states that the signal power spectrum

3,.<

iz the Fourier transform of its autocorrelaticon fanction, or




P(f) = ] p(1)e™" L
=0

The integral in this case 1s replaced by a Fourier sum of sine and
cosine terms extending over the discrete values employed for 7. This
sum is formed in a computer, employing the measured values of the auto-
correlation function, and results in a graph of the power spectrum for
frequencies separated from the carrier frequency by as much as + 1/2T.
This limiting frequeney is the 63rd harmonic of the fundamental fre-
quency, 1/2(€3T), which is the low-frequency limit of resolution.

Points are calculated for each harmonic, and intermediate points inter-
polated. Insofar as the pulse-repetition period is selected so as to be
short enough to sample at a rate more than twice as great as the highest
Doppler frequency component, the procedure outlined will provide a good
representation of the power spectrum of a signal.

Narmalization of each power spectrum plotted in this paper has
been accomplished by dividing by the highest value attained by P(f),
which thus defines unity on the axis of ordinates, The total integral
under the spectrum is given by p(O), and this value can be printed by
the computer upon request. .

The power spectra presented here characterize the instantaneous
echo obtained from a portion of the electrojet defined in part by the

pulse-width transmitted, the antenna beamwidth and by range-gating of
received

the/signal. Furthermore, the electrojet is of finite thickness, comparable

to the 100 us pulse'width used in these experiments (a 100 s pulse
corresponds to'1l5 km radar-range), and of considerable extent north ang
south., Howzsver, the field-aligned electrojet irregularities restrict
electrojet echoes to the nearly vertical east-west equatorial plane be-
cause of the phase-coherence or "aspect-sensitivity" requiremsnt. The
mattress antennas employed in the experiments described herein were
mounted so as to rotate in the equatorial plane, and their half-power

. 4 . . o] .
beanridth in that plane was about 35 . Range-gating was employed to
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select echocs of delays appropriate to the height of the electrojet and
corresponding to the nominal direction of the antenna, As is appareat
from the sketches of Figure 1, the range-gating technique providss a
considerable improvement over the spatial resolution otherwise obitaina-
ble with antenna-beams this wide.

Some of the figures presented in this paper indicate the variation
of the power spectrum as a function of the eastward angle from the ver-
tical, 3. There is a tacit assumption in such experimentation somewhat
analogous to an ergodic hypothesis; namely, that the essentially siml-
tancous study of various spatial regions of the electrojet from one

vantage point and at various angles is equivalent to studying the same

spatial region (with various radars) from several vantage points, Elther

Lo]

rocedure would yleld a spectral dependence on 3, but it is obviously
more Teasible to study the electrojet irregularities with bubt a single
radar, and it 1s apparent that the electrojet is sufficiently homogen-
eous to permit this., Using narrow pulses, Balsley [1965] has identified
east-west structure in the electrojet. Such structure would not compli-
cate the interpretations in the present treatment, nor presumably would

the east-west asymmetry discussed in a later scction.

3. Recapitulation of spectral results for the primary irregularities

By employing the improved instrumentation describved in the pre-
vious sectvion, a number of power spectra have been obtainsd at the
Jicararca Radar Observatory during January, 1964 for echoes from equa-
toriel electrojet irregularities under various conditions. The fre-
quercy of observation was usually L9.92 Mc/s, although some measure-
ments were made using 1L47.76 Mc/s and several frequencies below 10 Mc/s,

A composite of such power spectra during times when the electrojet
was relatively strong is shown in Figure 1, illustrating the nearly
identical Doppler shifts obtained for appreciably different angles, 3,
from the vertical, as predicted by the two-stream instability theory of
Farley [1963b]. On observing east of the vertical, a positive Dooplier

shift corresponding to a downward motion of irregularities is obtained,

Ficd



whilo on observing wesl of the vertical, there 1s a negative Dopplow
shitt corrosponding to an upward motion of irregularities,

The selecction of downward or upward moving irregularities as a
fanction of the direction of observation is illustrated in Figure 2. The
propagation vector, k, 1s directed at angle 3 from the vertical. Because
of the "aspect sensitivity" of reflection, echoes can be obtained only
from those plane-wave irregularities with wavefronts moving along k.
Conseaquently, on observing toward the east (3 > 63, irregularities moving
dowrward at an angle (900 - lﬁl) are detected, while on observing toward
the west (2 > dﬁ, irregularities moving upward at that angle are detected.
A typical angular aperture in which primary irregularities are present at
a given time is shown at the center of the diagram as having a half-width
8. Ion-acoustic waves of identical phase velocity emanate in all west-
ward directions within that aperture.

At the frequency of observabion, 49,92 Mc/s, a frequency-shift of
100 c/s corresponds to a velocity of 300 m/s, so the shifts of :bout
+ 140 c¢/s shown in Figure 1 for 3 = +70° and 3 = +45° are associated with
& phase velocity toward or away from the radar of about 420 m/s.

According to the calculations of Farley [1963b], the observed phase
velocity at this frequency should exceed the ion-acoustic velocity in the
medium by about 7%, assuming an infinite growth time. The measurements

ir Figure 1 would thus imply an ion-acoustic wvelocity of 390 m/s. The
1

ion-acoustic velocity, Vi is given by (2RT/mi)2, where R is the universal

gas constant, T is the absolute gas temperature, and m, is the mean mole-

cular weight of the ions. Assuming that the mean height of the electrojet

is 105 km, and employing the atmospheric model of Champion and Minzner

[1063], m, at this height is estimated at 28,72. The temperature at this

height may then be derived from a rearrangement of the above relation; i.e.,

SR

(ﬂb,t;

T - v;mi/ZR. This gives a calculated value for T of 265OK, using v, = 390 m/s.

0
The Champion and Minzner model would predict about 235 K at 105 km. The
Tacl that clecbrojst irregularitics arc observed most of the day for ion-

acoustic velocition in this range Implics that the average electron drift

volocitios usually exeeed these valuen.,  Consequently, the average electron
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&rirt velocity of 2.7 km/s obtained for the electrojet model of Sugiura
and Cain [1966] seems more appropriate than the value 310 m/s for Zmuda's
model [1960].

The nbove discussion relates the experimental results of Figure 1
with predictions of the first-order two-stream instability theory. Spectra
illustrating another feature predicted by the theory are now available;
they refer to the relative phase velocity of the ion waves of various wave-
lengths as observed at different frequencies. By observing nearly simul-
taneously at several frequencies, such as at 49.92 and 147.76 Mc/s, echoes
can be obtained torresponding to irregularity wavelengths of about 3 and 1

ves

zters, respectively. An example of such an cbservation is shown in

W

Figure 3. Since the ratio of frequencies is nearly 3:1 (2.96), the common }F{GZ |

freguency-shift axis employed is scaled by a factor of 3 for the purpose

of readily comparing the two measurements. If the same irregularities were
being observed at cach frequency, or if all irregularities were moving at

the same velocity, then the corresponding Doppler shifts would be scaled

by the frequency ratio. However, as predicted by the theory [Farley, 1963b],
this is not the case, and there is a larger relative frequency shift at the
higher frequency. The actual frequency shifts obtained in this case were
about 97 ¢/s and 323 c¢/s, which are in the ratio 1.12 to 1 when corrected
for the frequenéy ratio. This is comparable to the ratio of about 1.10

to 1 predicted from Figure T of Farley's paper, using an infinite growth

time.

L., Spectral characteristics of the secondary irregularities

The power spectra of electrojet echoes can show appreciable variation
from those of Figure 1, which are characteristic of a strong electrojet.
That is, they vary in form with the strength of the electrojet and also
with the angle of observation, 8. The first-order theory [Farley, 1963 a,b]
would predict plane wave irregularities at large and intermedilate angles,
and no ilrregularities at small angles. That theory would also predict
thit the echo spectrum should not vary with angle, cxcept to be reflected
in the axis of ordinates when'B changes sign, with the echo disappearing

completely as B avoroaches zero. Even in Figure 1 one can note discre-
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here is an appraciable

o
omawit of echo at frequency-shifts differing from

)
)
)
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O
=
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cant =140 ¢/s.
A’so, there is considerable echo at vertical incidence (2 = OO), indicating
the presence of irrepgularitics with horizeontal wave fronts moving upward
and dowaward ab substantial velocities, The comparative integrated echo-
powers of the spectra of Pigure 1 at angles 2 = OO, th5o and iYOO are not
ocbtainable from that figure. The angular dependence of integrated echo-
pcewer when corrected for the radar sensitivity is shown (for a sinmilar
measurement) in Figure 3 of Bowles et al [1963].

Th~ secondary irregularities prcbably do not originate from the "wind-
shear” mechanism assoclated with "Sporadic E" irreguliarilies at other
since that process is not operative near the magnetic equator
{Axford and Cunnold, 1966]. Furthermore, neither equaborial ionogram
configurations [Knecht and McDuffie, 1962] nor equatorial VHF forward
scatter propagation [Bowles and Cohen, 1962; Cohen and Bowles, 1963b]
show evidence of the presence of temperate latitude Sporadic E irregular-
ities, )

The behavior of the power spectrum of radar echoes at vertical ineci- e
dence as a function of the electrojet strength is shown in Figure L4, A (Eiggi;l
set of four vertical-incidence power spectra (including that of Figure 1)
are superimposed, corresponding to the total magnetic field strengths
msasured at the times shown by the arrows. Since the magnetic fleld at
Jicamarca 1s essentially horizontal, the total field as measured by a
*divm-vapor magnetometer is a close approximation to the horizontal

field, However, the horizontal field variation is not entirely controlled

the electrojet [Cohen and Bowles, 1963a]. That may explain why the spec-
trum at 1158 is broader than that at 1108, even though the total field

at those times was nearly the same. This is because the apparent strength
of the elzctrojet in the morning, based on geomagnetic field measurements
at the ecarth's surface, seemsAto be higher than its actual strength, due
o an additive current elsewhere; and lower in the afternoon, because

of o current in the opposite sense. (This explanalion would also account
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for the tendency of the horizontal field at the equator to atitain 2 maxi-

muwn before noon, rather than the noontime maximum associated with the
electrojet variation.)

We conclude from Figure U that the stronger the electrojet, the
broader the spectrun obtained at vertical incidence. There is no appre-
ciable displacement of the central frequencies from the carrier frequency,
but there does seem to be a slight preference for negative shifts of aboub
100 ¢/s compared to positive shifts of that amount; i.e., there is a
slight asymmetry favoring upward motions as compared to downward motions,
especially noticeable in the spectrum of 1158. There will be further dis-
cussion of this asymmetry in the following section of this paper. But
for the slight asymmetry, the observed behavior with electrojet strength
is what would be predicted by the non-linear coupling theory of Dougherty
and Farley [1966], since on that theory the relative amount of secondary
irregularities having appreciable upward or downward velocities would be
expected to increase with the electrojet strength.

It is interesting to relate the observations of Figure L with some
earlier experiments. During the International Geophysical Year period,
frequency variations were noted on VHF forward scatter signals propagated
by the equatorial electrojet [Cohen and Bowles, 1963b]. In thal study,
it was found that the bandwidth of the propagation, as measured by the
'fading rate' was closely related to the strength of the electrojet, as
was the signal intensity. This is illustrated in Figure 5, which is re- (Ejg:;i
produced from Cohen and Bowles [1963a]. The south — north obligue scatter
propagation at 50 Mc/s resﬁlted from vertically-moving secondary irregu-
larities in the electrojet. The IGY observations were somewhat equivalent
to what would have been obtained by a radar at vertical incidence (2 = 0°)

eriploying a frequency about 20% as great, near 10 Mc/s. Thus the fading

H

requencies of Figure 5 are only about one-fifth the average frequencies
of Figure L.

The fading rate measurement of Figure 5 was obtained by an instru-
ment that counted the relative number of crossings of a reference value
of the signal, and is closely related to the effective bandwidth of the

signal, A scatter-plot of values of fading rate vs, signal strength from




Figure & implies a correlation between these wvariables o7 & oub ¢ R
lowing the correlogrim anclysis of Sugar [1954]. Such 2 nigh corsolatlon
wouid be expecled, since each of the variables has been separciely demon-
strated Lo correlate with the magnetic field strength. However, cither
variable is perhaps a better absolute measure of the electrojet strength
than is the magnetic field strength,

Another variation with electrojet strength of the power spectrum of

- N

radar echoes from the electrojet is shown in Figure 6, this time at an T(G.é—7
angle of B = SOO. Here the predictions of the secondary-irregularity
theory of Dougherty and Farley [1966] are well illustrated. For a weak
electirojet, at 1010, the spectrum maximizes at a frequency well below the
acoustic velocity, but as the electrojet builds up, such as at 1049, the
plasma-wave peak becomes manifest. As the electrojet becomes stronger,
at 1105, the plasma wave irregularities predominate even more over the
secondary irregularities, until at 1129 there is no longer the secondary
maximum at low frequencies that was apparent earlier, although there are
still a large number of secondary irregularities present.

We have just noted in Figure 6 the variation of spectrum with elec-
trojet strength at a constant angle of incidence., It is also interesting
to study the variation of the power spectrum with angle for a fairly

large but nearly constant value of electrojet strength. This is shown in

i

Figure 7 for angles of 600, h5o, 300 and an angle less than 300. It 1is [EEEZEi
apprarsnt that ths relative strength of the plasma wave irregularities
compared to the secondary irregularities is changing with angle in the
detailed way that would be expected from the theory. That is, the
strength of the secondary irregularities should predominate over that of
the primary irregularities at small values of 2, but be of decreasing

importance compared to the plasma waves as 2 approaches large values,

5. Asymmetry of the upgoing and downgoing irregularities

As noted in tho preceding sccelion in connection with the vertical
incidenee oboervalion of Figwre by there is an asymetry in strengbh of

Lhe voward-coinge vieo Lhe downward-coings Trraogulsrities, in ibat the former

S -
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This is particularly apparent Tor non-zerae

values of ¢ ab times when the electrojet is stable and of intermediate =2
strength, as for the examples shown in Figures 8 and 9, Tor 2 = iiOo. ‘ég%fg
times, with a spectrum at 3 = +500 preceding and following & spectrum Tor
B = —500. This "sandwich" technique thus establishes the validity of a
compnrison for positive and negative B insofar as time-invariance of
clecirojet-strength is concerned.

In Figure 8, there are scarcely any secondary irregularities apparen®
looking westward at the uvpward-moving irregularities, whereas on locking

gastward ab the downward-moving irregularifies, an appreciable adnmixbure

of secondary irregularities is noted. However, the westward observabions
of Figures & and 9 should not be interpreted as implying that there are
no secondary irregularities present; instead, the inference should be
that the primary irregularities are so strong that, as a consequonce of
the normalization procedure employed, the presence of the secor inry irre-
gularities is suppressed. In fact, the numerosity and/or strongth of the
secondary irregularities viewed toward the west probably excaedl) the
numerosity and/or strongth of those observed on looking toward the east.
This situation is even more pronounced in Figure 9, where there is little,
if any, evidence of plasma waves for the eastward observations. The
electrojet corresponding to Figure 9 is somewhat weaker than that for
Figure 8. ©Note that this change in electrojet strength results in an
appreciable redistribution of power between the primary and secondary
irregularities for the eastward observations, but there is little notice-
able effect for the westward observations, These results are not pre-

dicted by currently availlable theory, and are typical of a tendency for

ct

westward electrojet echoes to be stronger than those from the eas

t could be conjectured that such results might arise if a stratum
at the base of the elecirojet were more conducive to the formation of
plasma waves than a stratum at the Loo of the electrojet. This 1s because
the siratum at the base might produce mainly upward-going irregularities,

witile that al the top might produce mainly downward-going irregularities,



he helight region occupied by the equatorial el-cirojet embrace

n

geale-haights, This means that the physical characteristics o the Iono-
spheric E region, such as electron concentration, are varying appr:ciably
vith height within the electrojet. Consequently, the base and top of an
unstable portion of the electrojet would be expected to have significantly
different proverties for the formation of irregularities. The existence
of strata of irregularities in the electrojet has been evidenced by obser-
vations of vertical bifurcation and of east-west patchiness [Cohen EE.E&:

1962; Balsley, 1965].

n

6. Discussion and conclusion:

<

This paper has presented recent spectral. observations of echoes from
irregularities in the equatorial electrojet. These spectra are of im-
proved definitlion compared to those previously available, and help resolve
certain features of the primaery and secondary irregularity structure of
the plasma weves. General agreement with theory has been obtained, al-
though there is an as yet unexplained tendency for asymmetry in the nature
of the irregularities traveling upward compared to those moving downward.

Furthermore

e, details regarding the strength of the irregularities and

growth of the instability are not treated by existing theory.
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Figure Composite of power speclra obtalned near noon for echoes from
electrojet irregularities above Jicamarca, Peru at angles of
incidence, 3, east of the vertical, of 0°, +45° ana =70°.
These spectra correspond to a relabively strong electrojet.
Figure 2. Schematic representation of the selection of upward- or ‘
downward-moving plasma waves according as the radar beam is
directed westward (B < 63 or eastward (3 > 63, respectively.

Figure 3. Power spectra for echoes from electrojet irregularities ob-
tained nearly simultancously at scveral frequencies for an
angle of incidence of 2 = MSO.' The vertical dashed lines in-
dicate the net shifts associated with the two observations.
The exact frequencies utilized were L9.92 Mc/s and 147.76 Mc/s.

Figure 4.  Power spectra for echoes at vertical incidence (8 = 0%) from
electrojet irregularities, compared with the variation of the
total geomagnetic field. The arrows along the time-axis of
the magnetic-field graph refer to the times at which the
power specira were cbiained.

Figure 5, Field strength and fading rate of/?O Mc/s signal forward
scattered via the equatorial electrojet from Arequipa to
Trujillo, Peru on 1958 October 2L, compared to the variation
of the horizontal component of the geomagnetic field observed
at Huancayo, Peru (12.05°S, 75.33%; Dip; 2°N). TLocal time
is 75°W.

Figure 6. Variation of the power spectrum with changing electrojet
strength at a constant angle of incidence (R = 500), compare
with that of’ the total geomagnetic field, The arrows along
the time-axis of the magnetic-Tield graph refer to the times

at which the power spsctra were obtained.
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